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J^j (57) Abstract: A stereoscopic eye : measurement system and method for measurement of corneal characteristics, anterior chamber 
depth and lens characteristics in a single acquisition. The system and method use a stereoscopic camera configuration to capture the 
. images of IR pupil, of the intersection of a structured illumination pattern with the cornea and lens , and of the Placido reflection 

O off the cornea. The projection pattern may be a cross pattern, a dot array, a dot + cross pattern, or a starburst pattern; The system 
uses a large pupil in order to obtain images of the lens. The system uses different focal points to achieve the best images of corneal 
topography, corneal layering and lens surfaces and a combination of corneal topography, corneal layering, pupil and the lens. 
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For two-letter codes and other abbreviations, refer to the "Guid- 
ance Notes on Codes and Abbreviations " appearing at the begin- 
ning of each regular issue of the PCT Gazette: 




ILLUMINATION PATTERNS 

this application claims priority from U.S. Provisional Appl. No. 



60/283,625, entitled "Stereoscopic Measurement of Corneal Thickness, 
Anterior Ghaimber Depth, Thickness Of the Ihtra-Ocular Lens And/Or the 
Curvature Of The Lens And The Opacity of the Lens," and U.S. Provisional 
Appl. No 60/283,627, entitled "Illuminating Pattern for the Cornea, Anterior 
Chamber and Intra-Ocular Lens Measurement Using Stereo Imaging of On£ 
of a Few Rapid Acquisitipnfe/ both filed on April 1 6, 2001 , the entirety of both 
of which are expressly incorporated herein by reference. 

D t>F TH E 1 N VEN t ION 

1, Field of the Invention • 

This invention relates generally to non^destructiy^ measurement 
of characteristics of the eye's cornea, anterior chamber depth and intraocular 
lens. More specifically, it relates (1) to stereoscopic measurement of corneal 
thinness cun^tu 

lens thickness, curvature and opacity; and (2) tri illumination patterns used in 
th«ese m^^iireme 

2, Background 

^^^v^^^^ iQ^ of tha eyfe; 

One such element is the cornea, which is the front surface of the eye arid 
provides about two-thirds of the eye's refractive power. Another is the depth 
of the anterior chamber, which is the distance between the intraocular lens* 
front surface and the cornea, A third exemplary element is the intraocular 
lens, which further focMses light through the pupil onto the retina. 

Accurate measurements of the cornea, anterior chamber depth 
and iMraqiiiui oohc^m in this field 

of ophthalmology and optometry. The accuracy of these measurements 
directly affects the ability to detect early corneal and lens disease, to compute 
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the correct power for a phakic or aphakic intraocular lens, and/or to perform 
surgery successfully to correct corneal and lens conditions. 

Existing methods of making measurements of the cornea, 
anterior chamber and lens use a single slit or scanning slit method. Fig. 18 
shows a conventional single slit or scanning slit method, 

In particular, as shown In Fig. 18, an illumination source (not 
shown) illuminates a target 1810 to create a placido (a structured illumination 
pattern) , which is then projected onto the cornea 1812 of a patient's eye 
1814. the cornea in part reflects the rays. A front view camera with lens 1806 
captures the rays and focuses them onto a CCD 1804. A computer 1802 
processes the image to generate measurements of the cornea 's anterior 
topography. 

A singid slit or scanning slit projects a illuminated slit pattern on 
to the cornea. The center camera captures the slit image(s). And a computer 
program analyzes these images to get the measurement of the corneal 
thickness, etc. 

Existing single slit or scanning slit methods result in some 
inaccuracies in measurements. In the case of scanning slit, for example, 
multiple images are captured during a time interval to capture the whole eye. 
Patient and eye motions, however, tend to cause inaccuracy and alignment 
error in the captured data. Moreover, the measurement data acquisition Is 
time consuming and because of the length of time can cause patient 
discomfort due to bright light alignment, focusing and acquisition. 
Furthermore, the bright light alignment and focusing during the examination 
process causes the patient's pupil to contract, preventing the instrument to 
obtain significant imaging of the lens. 

There is a need for an improved technique and apparatus for 
measurement of corneal thickness and curvature, anterior chamber depth 
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SUMMARY OF THE INVENTION 

An improved reflective illuminated target system and method 
that uses stereo optics to generate data about corneal thickness, curvature 
arid topography, pupil contour, size and location, anterior chamber depth, and 
lens thickness, curvature and opacity. The patient's eye alignment and 
focusing are performed under infrared illumination, which allows a large pupil 
to facilitate the imaging of the lens. Stereo optics allows the capture of all 
data using on ly one or a few exposures; thereby increasing accuracy arid 
decreasing patient discomfort. Patterns that are suitable for stereo imaging 
are, e.g., a cross pattern, a cross + dot array, a dot array, arid a Startxjrst 
pattern (cross arid X pattern). 

BRIEF DESCRIPTION OF THE DRAWINGS 

Features and advantages of of the present invention will 
become a^arent to those Skilled In the art from the following description 
with references to the drawings, in which: 

Figs. 1A and 16 show top and side views of an exemplary 
embodiment of a stereoscopic placido system, in accordance with the 
principles of the present Invention. 

Fig. 2 shows an exemplary cross pattern that is suitable for 
stereo imaging, in accordance with the principles of the present invention. 

Fig. 3 shows an exemplary cross + dot array that is suitable for 
stereo imaging, in accordarice with the principles of the! present inverition. 

Fig. 4 shows an exemplary dot array that is suitable for stereo 
waging, in accordance with the principles of the present inverition. 

Fig. 5 shows an exemplary starburst pattern (cross and X 
pattern) that is suitable for stereo imaging, in accordance with the principles of 
the present iftv^ritibn: 

Fig. 6 shows one of two side views obtained from the 
stereoscopic placido system shown in Figs. 1A and 1B from a camera at 30 
degrees from center, using a 250 micron cross. 
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Fig. 7 shows a front view image obtained from the stereoscopic 
placido system shown in Figs. 1 A and 1B using a 150 micron cross. 

Fig. 8 shows one of two side views obtained from the 
stereoscopic placido system shown in Figs. 1A and 1:8 from a camera at 30 
degrees from center using a 1 50 micron cross. 

Figs. 9A arid 9B show an exemplary cross pattern image 

method. 

Fig. 10 shows an exemplary configuration for obtaining a front 
view pupil Image and a side view pupil image at different angles- 
Figs. 1 1A-11G show exemplary pupil images viewed from the 
front, 30 degree angle and 45 degree angle respectively, in accordance with 
the principles of the present invention. 

Figs. 12A to 12E show an exemplary use of stereo infrared pupil 
OTntou rs to Jdbate the focal point using the measurement system of Figs. 1A 
and 1B. 

Fig. 13 shows an exempla ry use of the stereoscopic system of 
Figs. 1 A and 1 B to measure corneal layers. 

Fig. 14 shows an exemplary use of the stereoscopic system of 
Figs. 1A and 1B to capture measurement of corneal topography focusing. 

Fig. 15 shows an exemplary use of the stereoscopic system of 
Figs. 1A and I B to capture measurement of me infraoeular lens. 

Fig. 16 shows an exemplary use of the stereoscopic system of 
Figs. 1 A and 1B to improve cross^pattern projection from a skew angle. 

Fig. 17 shows an exemplary use ^ of 
Figs 1 A and 1B to capture the whole eye. 

Fig. 18 is a representation of a conventional monocular placido 

system; 
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Figs. 1 A arid IB show an exemplary embodiment of a 
stereoscopic placido target system, In accordance with the principles of the 
present Invention. 



In particular, Fig, 1 A shows a top view of the setup. Although 
only a center and one side camera are required at a minimum, three cameras 
are shown and preferfed: ^^t^'i^S^^^M'tiio side cameras 104 and 
106 that are at skewed angles tp^^ The cornea 130, ins/pupil 132 

and lens 134 of the eye 140 are schematically shown. 

It is preferred that a large pupil size be obtained, because a 
large pupil size is a key to the present invention. For instance, the pupil size 
shbuld be a minimum of 4.5 mm for measurement; As the pupil size becomes 
larger, the lens becomes more exposed, which improves the accuracy of the 
measurement Infrared ("IR") illumination allows a large pupil, although of 
course a pupil may be dilated to obtain the proper size. 

in accordance with the principles of the present invention, two IR 
illumination sources 108 and 110 are used at angles to the eye 140 to 
Illuminate the measured surface. This IR illumination is to facilitate the 

measurement. A pulsed light source illuminates a Placido 112, which has a 
structured pattern such as concentric rings or polar grid pattern. The pulse- 
illuminated Placido pattern is reflected off the cornea and the images captured 
by all cameras for anterior corneal topography measurement. As discussed 
below, a light source with a structured pattern (not shown) is projected 
through an opening on a placido 112 onto the cornea 130 and lens 134, All 
cameras capture the images caused by intersection of the projected light 
pattern with the corneal layer and the lens. 

through the pupil plane. In particular, a center point of the front camera 102 
focal plane 1 14 is the focal point of all three cameras 102, 1 04 and 106 The 
pupil 132 is the window for imaging the lens 134. 
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A pulse of focused cross light pattern (an exemplary structured 
pattern) 112 is projected onto the cornea 130 and passed through the cornea 
130 to hit the lens 134, The stereoscopic camera configuration with cameras 
102, 104 and 106 captures the reflection of the image of the intersection of 
the light pattern with the cornea 130 and the lens 1 34. Preferably, the cross 
projection optics has a large depth of focus It is also preferred that the image 
optics are designed with a large depth of field as well 

Illumination Patterns 

Certain illumination patterns suitable as the structured 
projection^ i pattern shown in Fig. 1A for stereo imaging through 

one or a few exposures to make measurements in accordance with the 
prindples of the present invention. For instep 5 shows 

exemplary representations of these patterns' In ^ an 
exemplary cross pattern. Fig. 3 an exemplary cross + dot array, Fig. 4 an 
exemplary dot array , and Fig. 5 an exemplary starburst (cross and X) pattern. 
E^c^ of these patterns may be used as a sfrti^ 

pattern In addition to a Placido in the stereoscopic placido system shown in 
Figs. lAand 1B. 

The Placido in Fig 1 A is electronically pulse illuminated to allow 
the measurement of the anterior corneal topography. The structured 
projection illumination pattern is pulsed, normally through a electro- 
mechanical shutter, to allow for the measurement of the cornea layers, 
anterior segment and lens, the pulse mode illumination for both Placido and 
projection allows the pupil to remain large under a dark ambient condition to 



curvature, the two pulses from Placido and projection are rapid in time 
sequence (typically a fraction of a second apart, not enough for pupil to 
contract). In practice, the pulse from the projection pattern cab be imaged first 
and the Placido second, ensuring maximum possible pupil opening without 
dilation for optima a corneal layer and lens imaging and measurement. 
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The cross pattern shown in Fig. 2 allows continued 
measurement of thickness and curvature along two meridians of both a 
cornea 130 and a lens 134, as discussed below. It also allows for the 
measurerrje of anterior chamber depth and the angle between the cornea 
1 30 and iris 1 32 at their juncture, as also discussed below. 

The dot array shown in Fig. 4 has the advantage of using 
discrete points intersecting the cornea 130, iris 132 and lens 134, which 
provide local thickness measurements with higher spatial resolutions, Stereo 
interrogation of these intersections yields 3-D local positions Reconstruction 
algorithms, similar to the one set forth below for the cross pattern, provide a 
complete estimate of the corneal anterior and pq^ 
thickness profile, and lens thickness and curvature measurements. The 
algorithms also allow for the estimate of anterior chamber depth and the angle 
between the cornea 130 and the iris 132 at their juncture. 

The dot + cross array shown in Fig 3 combines the advantages 
of both the cross pattern and dot array shown In Figs. 2 and 4, offering more 
direct measurement data points than the cross pattern and dot array 
separately. A suitable reconstruction algorithm provides a complete 
measurement of the desired eye characteristics. 

The starburst pattern shown in Fig. 5 offers Improved continuous 
sampling density, allowing for reconstruction algorithms to provide complete 
measurement and estimation of the characteristics a$ Is enjoyed by the use of 
; the clot a Fig. 4. ' 

As the diameter of the pattern opening becomes finer, the • : 

fill^ 
cipierifrigh 

For the purpose of measurement of the cornea 130, iris 132 and lens 134, the 
preferred diameter of the pattern opening is between 100 and 300 microns. 
Of course, the principles of the present invention relate equally to narrower or 
wider opening measurements. 

The pattern targets can be made using any fine line technique, 
for example photo etching or laser cutting technology. Preferably, the pattern 
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target material should be as thin as possible, typically 100 to 200 microns In 
thickness and should be less than the pattern opening diameters, to eliminate 
pr reduce diffraction . 

Figs. 6, 7 and 8 show exem using 
cross pattern targets with the stereo i nlagi rig system shown i n Figs. 1A and 
1B. In particular, Fig. 6 shows one of two side views obtained at 30 degrees 
from the center using a 250 micron crosis pattern target Fig. 7 shows a front 
view image using a 150 micron cross target. Fig. 8 shows one of the two side 
views obtained at 30 degrees from the center using a 150 micron cross 
pattern target 



s 



Preferably, a sequence of the stereo images of a target is 
obtained u nder variable ambient l^ to very 

bright (photppic). For each lighting condition, preferably three stereo images 
are obtained. In the given embodiment, from the center view image, the pupil 
contour is detected and the centrold of the contour, defined as the pupil 
center, is calculated. This location is recorded relative to the center of the 
captured image, i.e., the optical axis of the center view image. 

\ Preferably, each of the two side view pupil Images is then 

S ~ processed to find the pupil contour of the generally elliptical shape. The 
S centroid, again defined as the pupil center, for each side view is calculated. 

center of the captured digital image, defined as the optical axis of each of the 
side view imaging systems. 

The set of data obtained from processing the- stereo pupil 

images is 
c^il^ratedb^ 

best focus and away from best focus, top far and too near, off center along 
the x direction and off center along the y direction, preferably all by a known 
amount. The recorded target image is then analyzed and a calibration table is 
generated; 
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The basic processing algorithm for pupil contour detection is by 
a box filter along each meridian, starting from an approximate center of the 
pupil, which is known by the machine when visually aligned by the operator. 

The comparison and interpolation gives the location of the pupil 
contour plane along the Z direction, as well as pupil size. When the pupil 
changes in diameter, the center and contour of the ptlpil changes as well. 
The change of ^ote>r is sijgnificant as It relates to the eye's performance. The 
results ^ 

Cross Pattern Imag^ Processing Algorithms 

Pigs; 9^ a^ of processing data 

from the projectidri df an exempli e.g., a cross pattern image such 

as is shown in Fig , 2; 

In step 901, the pupil contours and limbus contours of the first IR 
image sets (3) are detected using the standard box filtering technique. 

In step 902, the four segments of the iris reflection of the crdss 
are detected and their contours and their inteM^tion^^i the pupil contour 
are recorded. In addition, the segments' intersection with the limbus of the 
eye is detected. 

In step 903, the iris reflection is removed by extending the 
region from the defined contour by a few pixels in all direction, and replacing 
the Interior with the mean of the surrounding four pixels. 

In step 904, the front view is processed. The horizontal 
segment of the cross is detected by edge detection column wise, thereby 
obtaining the thickness of the horizontal arc image and the front and b£ck 
i^g^ W le^ ihs 

lilumiriated ^ 

In step 905, the first side view is processed by edge detection 
row wise of the vertical segment of the cross. This obtains along the vertical 
niumiriarfed line the (^i^^a thickness, and leading and trailing edges of the 
lens image, This in turn yields the central lens thickness and lens curvature 
along the vertical line. From these curves, the diameter of the lens can also 
be estimated. 
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In step 906* the other side view is processed to obtain data to 
verify the data obtained from the first side view image and front view image. 

In step 907, the thickness is reconstructed in three dimensional 
space in reference to the front view by simple geometry. 

In step 908, the pupil contour is used to connect to geometry 
when displayed. 

In step 909, from steps 902, 904 and 905 (or 906), the angle 
between the cornea arid the iris at the juncture is calculated. These directly 
measured angles are then converted to angles defined through normal 
gebmetry, using pupil intersections and limbus intersections. 

In step 910, the maximum and mean values of the lens 
intersectibh images are calculated, thereby indi^ the opacity of the lefts- 
Focusing Mechanism Under IR Illumination of the Eye 

Stereoscopic viewing of the pupil contour facilitates focusing of 
the cameras 102, 104, and 106 (shown with camera angles of +/- 30 
degrees). ; Fig. 1 0 shows an exemplary pupil image and side view pupil 
images taken at different angles. Figs. 1 1 A to 1 1C show pupil images viewed 

• degrees* resp^ '■■ ■' • 

Figs. 12A to 12E illustrate the ability to focus the system 
anywhere that is a few millimeters (mm) in front of or behind the entrance 
pupil plane 1202 by aligning the stereo pupil images to a pre-defined 
refeter^ This approach good fer at teast 

delta = +/? 3 mm. 

The entrance pupil plane 1202 for a typical eye is 3.05 mm 
^ind th^a jo Figs; 1 2A tb 1 2E; all the'drosshains ip|H ar^;: 

the centers of the captured images. 

The front view pupil image is always centered about the cross 
hairs GH regardless of the exact focal plane. Only the pupil image detail 
changes with focusing. The side view image, when focused at the entrance 
pupil plane 1202, will be centered on the cross hair. When the side view 
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image Is focused in front of or behind the entrance pupil plane 1202, however, 
the center of the side view pupil image is displaced by an amount d that can 
b§ calculated according to a formula, which for an exemplary side view with a 
camera skewed thirty degrees from the optical axis of the front view camera 
would be: 

Displacement horizontally of side view image = focus_deltatan(30)cos(30) = 
fofeus^delta sin(30). 



Fig. 13 shows use of the system of Figs. 1A and 1B in order to 
obtain optimal corneal layer imaging: In Fig 13, the focus is not set at the 
entrance pupil plane 1202 (3.05 mm behind the cornea apex), but rather 
spmevv^er^ between the apex and the entrance pupil plane 1202. The 
reason is that the central cornea Is about 3 mm away from the entrance pupil 
plane 1202. 

Assuming a radius of 8 mm for a typical cornea, a 10 mm 
diameter corneal chord will give an apical distance of 1.755 mm. To optimally 
capture the 10 mm cornea, the focal plane is preferably set at the red line 
1302 of Fig. 13, the middle of the apical distance, i.e. 1.755/2 = 0.88 mm from 
the apex. Therefore, the focal plane from the entrance pupil plane 1202 is 
2.17 mm (3.05 mm - 0.88 mm) in front of the entrance pupil plane 1202. As 
an example, with 30 degree stereo viewing, this translates into 1.0825 mm 
lateral movement of the center of the pu^ 

This is converted to pixels based on the fria optics and image 

resoiUtibrif offset may Bfe ^ relevant 



1206 as shown in Figs. 12A to 12E. 

Thus, for corneal layer measurement only, it is preferable to 
focus the cross at the corneal plane 1302, /.e. the red line of Fig. 13, from 
apex to peripheral. In the given example, the red line Is 0.88 mm away from 
the corneal apex. 
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CT Capture Focusing 

Fig. 14 shows focusing the system of Fig. 1 A and 1 B to capture 
corneal topography (GT). 

As shown in Fig, 14, the system is preferably focused using the 
entrance pupil plane 1202, with no offset for the pupil center. At this position, 
the cross will cut loweir on the; corii^a. 

Focusing To Capture Lens Alone 

F\<g. 15 sh<^s shd^ of Fig 1A and 1B to 

obtain the best quality capture of lens data. For this purpose, the image 
p^tjteftl^< fbel^edM surface 

plane 1502. This sets the focal plane at about 3.5 mm behind the apex. The 
cross should bo aligned to intersect the lens front surface at the center 
hpiizontally, The back surface of the lens will be iitiaged wh£o the pupil is 
. large though. • 

Fig. 15 depicts the relationship. The cross pattern (only the 
center light ray is drawn, the red line) is focused at the lens front surface 
1502, intersecting close to the center of the lens front surface and intersecting 
again with the lens back surface at a higher position. All three cameras 102, 
104 and 106 capture the Wo intersections of the light with the lens surface, as 
vv^li as the scaiteriri|( (if any) in a clear lens; the gradient 

<^ang^ ^ tertdjh ^ttefing to ^ imaged grrd Eor £ c^tar^ 

lens, the opacity Is captured. Image analysis of captured images provides a 
gooid (quantitative meg^u 

The ability to capture the back surface of the lens depends on 
the size of the pupil and also where the stereo image pattern {e.g., cross 
pattern) hits the lens. Using the center ray of the cross pattern as an 
illustration, projected from 30 degrees below, eind assuming a central lens 
thickness of 3.6 mm, the minimum pupil size that still allows for the image of 
the back surface of the len$ is 3.6 tan (30) = 2.1 mm in radius, which 
calculates to a 4.2 mm diameter pupil. A minimum pupil size of 4.5 mm 
diameter pupil is preferred to allow for any misalignment and the Image 
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processing need for the Intersection. Of course, the larger the pupil size Is, 
the better. 

It is also noted that If the angle is reduced from 30 degrees to 1 5 
degrees, the pupil size requirement is smaller, but the accuracy in the stereo 
meaisurement of depth (7. e. , thickness) suffers as the stereo angle decreases. 

Other features of the eye may interfere with applying the image 
pattern (e.g., cross pattern) on the eye from below. For instance, the lower 
eyelid and/or eyelash may block the beam if the angle is large enough. 
Accordingly, it is preferred that the maximum stereo angle should not exceed 



Global Focusing for Multiple Segment Acquisition 

If it is desired to capture the lens surface from the same 
exposure, it is preferred that the focal point be moved closer to the lens. 
Furthermore, if it is also desired to capture the corneal topography from the 
same three cameras at the same time (meaning using the same focusing of 
the system), the focal point for the corneal topography Is best accomplished at 
about 4 mm behind the cornea apex (for a 8-mm apical radius cornea). 
Considering all the parameters, tt is determined that the best comprom^ 
acquiring corneal layering, lens data and 

point of approximately 3 mm after the apex of the cornea, i.e., at 
approximately the entrance pupil plane. 

In this case, the image pattern (e gr M cross pattern) is focused at 
the same plane of the three cameras' focal plane. At a 30 degree angle 
shooting up, the cross pattern, focused at the same plane as the camera focal 
plane, will intersect the cornea at approximately 1.5 mm below the center 
horizontal meridian (center point of the cross). The cross will hit the entrance 
pupil plane at the center of the pupil plane (at the center of the cross, which is 
not seen on the iris reflection). The intersection of the cross with the lens 1 front 
surface is also at the center of the pupil contour from the front view since the 
lens is sitting right behind the Iris. 
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Improvement Image Pattern Projection from a Skew Angle 

When shooting the projection pattern (e.g f , cross pattern) from 
below, the depth of field of the images will tend to suffer due to the skew 
angle that the cross pattern lands on the cornea. Fig. 16 shows a 
compensation mechanism for the cross projection system to allow for a 
uniform depth of field when the pattern is projected on to the cornea. The 
mechanism is implemented by placing the target aperture plane 1602 30 
degrees relative to the optical axis of the projection optics to produce an 
image on the ^rne^t^ in a normal plane 

Multi-Focal Capture of the Whole Eye 

Fig. 17 shows a multi-focal capture of the entire eye. If the 
cross is shot from the front, the two side cameras and one front view camera 
may be used to capture the anterior corneal topography, cornea layer and 
terai ^ array> 
dot array, or starburst pattern. The measurement fcan be done iri a sitigle 
shot with compromised accuracy, or selectively with high accuracy, Selective 
imaging means focusing the pattern at the corneal plane or the lens surface 
plane. For multiple segment acquiring using a quick sequence of acquisition, 
the cross pattern should be focused at about 3 mm after the apex, i.e., the 
entrance pupil plane. 

While the invention has been described with reference to the 
exemplary embodiments thereof, those skilled in the art will be able to make 
various modifications to the described embodiments of the Invention without 
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CLAIMS 

What Is claimed is: 

1. A stereoscopic eye measurement system, comprising: 

a center camera centered as to said eye; 

at least one camera at a skewed angle to the eye; 

an Inf rated light source; and 

a structured illumination pattern for a Placido; 

center camera 

and said at least one skewed angle camera capture an IR pupil image, a 
Rladdo iririage reflected off a cornea of said eye, and an image of an 
intersection of a corneal layer of said eye, an anterior segment of said eye, 
and a lens of said eye, with said structured illumination pattern projected onto 
said 6ye, to measure elements of said eye. 

^ 2^;^ i T measurem^ to 

claim 1 , wherein: 

said pupil is enlarged by the use of IR Illumination in a dark 
environment during alignment and focusing. 

3. The stereoscopic eye measurement system according to 
claim 1 , wherein: 

said system measures corneal thickness. 



4. The stereoscopic eye measurement system according to 
claim 1, wherein: 



said system measures corneal curvature. 
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5. The stereoscopic eye measurement system according to 
claim 1, wherein: 

said system measures lens thickness. 



6; The stereoscopic eye measurement system according to 
claim 1, wherein: 

said system measures lens curvature. 



7. The stereoscopic eye measurement system according to 
claim 1 , wherein; 

: said syste 



^ 8. The Stereo 
claim 1, wherein: 

said system measures anterior chamber depth. 



9. The stereoscopic eye measurement system according to 
claim 1, wherein: 

said system measures an angle between a cornea of said eye 
and ah iris of said eye. 



10. The stereoscopic eye measurement system according to 
claini 1 , wlierMn: 

said system also measures corneal topography. 
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11. The stereoscopic eye measure measurement system 
according to claim 1 , wherein: 

a sequence of stereo images is obtained under ambient lighting 
varying from scotdpic to photopic. 

12. The stereoscopic eye measurement system according to 
claim 1 1 , wherein: 

said sequence of stereo images is used to measure the dynamic 
contouring arid diameter measurement of an edge of said pupil of said eye. 

13 The stereoscopic eye measurement system according to 
claim 11, wherein: 

said sequence of stereo images is used to measure a locus of a 
center of said pupil of said eye varying in size. 

14. The stereoscopic eye measurement system according to 
claim 11, wher$iri: 

said sequence of stereo images is used to measure contouring 
of said edge of said pupil in three dimensions With a change in a diiameter of 
said pupil in a z a^s and along a 

15. The stereoscopic eye measurement system according to 
claim 1 1 , wherein: 

said sequence of stereo images is used to measure a geometry 
change of ari iris ^ 
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16. The stereoscopic eye measurement system according to 
claim 11, wherein: 

said sequence of stereo images is used to measure a 
topography of a dynamic iris using a structured projection pattern image. 



17: The stereoscopic eye measurement system according to 
claim 1, wherein: 

said pupil of said eye is enlarged to at least 4.5 mm for 
measurement of said lens. 



18. A rrtethod tor stereoscopic measurement of an eye; 

comprising: 

enlarging a pupil of said eye; 

acquiring an IR pupil image, a structured illuminated Pldddd 
image reflected off a cornea of said eye, and an intersection image of a 
<^m^ segriiient of sa|d 

? ye wjth a ; stry ^^d i pnojiection pattern, lising brie <^mena centered oh ^aicl 
eye and at least one camera at a skewed angle with respect to said eye; and 

using said structured illumination pattern to measure elements 

of said eye. 



19. The method for stereoscopic measurement of an eye 
according to claim 1 8, wherein said enlarging step comprises: 

illuminating said pupil using infrared illumination In a dark 

environment. 



20, The method for stereoscopic measurement of an eye 
according to daiim 1:8; said efilarging step comprises: 

dilating said pupil; 
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21. The method for stereoscopic measurement of an eye 
according to claim 18, wherein: 

said method measures corneal thickness. 



22. The method for stereoscopic measurement of an eye 
according tb;^ 

'^^Itt^etKc^vmeasures corneal curvature: 



23. The method for stereoscopic measurement of an eye 
according to claim 18, vvherein: 

said method measures lens thickness. 



24 The method for stereoscopic measurement of an eye 
^cpording tp cla^ 

said lens curvature. 



25, The method for stereoscopic measurement of ah eye 
: "^l&^^"0<i measures lens opacity. 



26. The rilethod for stereoscopic measurement of an eye 
accoixling to d Wherein: 

said method measures anterior chamber depth. 



27. The method for stereoscopic measurement of an eye 
according to claim 18, wherein: 

said method measures an angle between a cornea of said eye 
and an iris of said eye at their juncture. 
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28. The method for stereoscopic measurement of an eye 
according to claim 1 8, wherein: 

said method measures corneal topography. 



29. The method for stereoscopic measurement of an eye 
according to claim 18, wherein: 



said method measures corneal thickness. 



30. The method for stereoscopic measurement of an eye 
according to claim 18, wherein: 

said pupil of said eye is enlarged to at least 4.5 mm for lens 
segment measurement. 



31, The method for stereoscopic measurement of an eye 
according to claim 18, further c^mpri 

pt^iW under ambient liQhtihg 

varying from scotopic to photopic. 



32. The method for stereoscopic measurement of an ieye 
ac^ryingi to daim 31 

said sequence of stereo images is used to measure a dynamic 



33. The method for stereoscopic measurement of an eye 
according to claim 31 , further comprising: 

said sequence of stereo images is used to measure a locus of a 
center of said pupil varying in size. 
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34. The method for stereoscopic measurement of an eye 
according to claim 31, further comprising: 

said sequence of stereo images is used to measure a 
contouring of an edge of said pupil in three dimensions with a change in a 
diameter of said pupil in a z axis and along an optical axis direction. 

35. The method for stereoscopic measurement of an eye 
according to claim 31, further comprising: 

said sequence of stereo images is used to measure a geometry 
change of an iris of said eye with changes in a size of said pupil of said eye, 



36. The method for stereoscopic measurement of an eye 
according to claim 18, further comprising: 

said sequence of stereo images is used to measure a 
topography of ai dynamic iris of said eye using a cross image sequence. 



37. A method for stereoscopic measurement of an eye, 

comprising: 

enlarging a pupil of said eye ; 

positioning a focal point of a camera centered on said eye and a 
focal point of at least one other camera skewed at a different angle to said 
eye so thai sa^ said fd^l pdl 

said at least one skewed angle camera are within +/- 3.0 mm of an entrance 
pupil plane; 

acquiring a structured "fl Pattern of a Placido reflected 

off a cornea of said eye, and a structured projection pattern intersection image 
projected through an opening on said Placido onto said eye; in said centered 
camera and said at least one skewed angle camera; and 

using said structured illumination pattern to measure elements 

of said eye. 
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38. The method for stereoscopic measurement of an eye 
according to claim 37, wherein: 

said pupil is enlarged to at least 4.5 mm. 

39. The method for stereoscopic measurement of an eye 
accord ing to claim 37, wherein: 

said foc^l points of said centered camera and said at least one 
skewed angle camera are positioned at approximately 2.17 mm in front of an 
entrance pupil plane. 

40. The method for stereoscopic measurement of an eye, 
according t^ 

said fo<^l point of said centered camera and $a^ 
said at least one skewed angle camera are positioned at approximately an 
entrance pupil plane of said eye. 

41 . The method for stereoscopic measurement of an ey£; 
according to claim 37, wherein: 

said focal; point of said centered camera and said focal point of 
said at least one skewed angle camera are positioned approximately 1.5 mm 



42. the method for stereoscopic measurement of an eye, 
accord! rig ^ vvh^r^ih: ^ 

:V;;V.:: : faiId f dc^l ^ s&id c^i1ten?d G^jFThfefi £Hd said: Ibi^ I ^iffi^* 
said at leak one skewed angle camera are positioned approximately 3.5 mm 
behind an apex of said eye. 

43. The method for stereoscopic measurement of a eye, 

accdif^ngt^ 

said focal point of said centered camera and said focal point of 
said at least one Skewed angle camera are determined by calculating a 
position of three stereo images and comparing said data with calibration data 
obtained by imaging a known planar target. 
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44. A method for stereoscopic measurement of an eye, 

comprising: 

enlarging a pupil of said eye; 

illuminating a structured Placido pattern to produce a structured 
illumination pattern; 

reflecting said structured illumination pattern off said eye; 

obtaining in a single acquisition said structured illumination 
pattern in one camera centered and at least one other camera skewed at a 
different an 

using said structured illumination pattern to measure at le^st 
one element of said eye. 



45. The method for stereoscopic measurement of an eye 
accdrdi^ v' :; 

said iliumiriatihg ^ai^ ipatterri uses an infrared 

illumination sou 



46. The method for ster^^^ 
according to claim 44, Wherein said single acquisition is a single exposure of 
at least one camera. 

47 v The method for stereoscopic measure^ of an eye 
according to claim 44, wherein said single acquisition uses multi-focal imaging 
for multiple segments of said eye. 

48. 

: ^S^^t^S! • : ::: tQ;.';: ^.al mT;^!^ 1 ; Wherq §irt<jie> ^uisltioii is a fevv rapid 
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49. The method for stereoscopic measurement of an eye 
according to claim 44, wherein said measured at least one element of said 
eye is corneal topography. 

50. The method for stereoscopic measurement of an eye 
according to claim 44, wherein said measured at least one element of said 
eye is a corneal layier. 

51. The method for stereoscopic measurement of an eye 
according to claim 44, wherein said measured at least one element of said 
eye is ah iris- 

52. The method for stereoscopic measurement of ah eye 
according to claim 44, wherein said measured at least one element of said 
ey^ is a lens, 

53. The method for stereoscopic measurement of an eye 
according to claim 44, further comprising: 

tilting a structured illumination target sufficient to compensate 
for a tilting of said projected light to achieve a normal projection focus on said 
eye. 

1 54' ' ; ^ ; patterti target '-^^^a^ in >• ei 

S^r^ 

a pattern on target material; 

^^id; pattern having an o too 
microns and 300 Microns; and 

said target material being thinner than said pattern opening 

diameter; 

whereby illumination is projected through said pattern target to 
create a structured illumination pattern dnto an eye 
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55. The structured illumination pattern target according to claim 

54, wherein: 

said illumination is infrared illumination. 

56. The structured illuiriination pattern tairget according to 
claim 54, wherein: 

said target material is les^ than 300 microns in diameter. 

57. The structured illumination pattern target according to 

daim 54, w 

said pattern is a cross pattfem. 

58: The structured illumination pattern target according to 
claim ^ wherein: 

said pattern is a dot array. 

50. the structured ill ym inatio h pattern target according to 
claim 54, wherein: 

said pattern is a dot + cross array. 

60. The Structured illumination pattern target according to 

claim 5^ 

said pattern is a starburst pattern. 
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61. A stereoscopic eye measurement system, comprising: 
means for transmitting a structured illumination pattern through 

a structured illumination pattern target onto an eye; 

means for enlarging a pupil of said eye; 

• means for obtaining an image of said structured illumination 
pattern reflected from said eye at an angle perpendicular to a normal to said 

■ eye;; 

means for obtaining at least one image of said structured 
illumination pattern reflected from said eye at a skewed angle to said eye; and 

means for measuring at least one feature of said eye based on 
said reflected strijctufed iliumination pattern. 

62. The stereoscopic eye measurement system according to 
claim 61 /further TOmprising: 

means for focusing said measurement system within 
approximately +/- 3mm of a pupil entrance plane of said eye. 
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CROSS PATTERN SUITABLE FOR 



FIG. 2 
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CROSS AND DOT ARRAY 
SUITABLE FOR STEREO IMAGING 



FIG. 3 
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DOT ARRAY 



FIG. 4 
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STAR BURST PATTERN (CROSS AND X PATTERN) 
SUITABLE FOR STEREO IMAGING 
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ONE OF TWO SIDE VIEWS OBTAINED FROM THE STEROSCOPIC 
LACIDO SYSTEM FROM A CAMERA AT 30 DEGREES FROM 
CENTER USING A 250 MICRON CROSS 



FIB . 6 
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FRONT VIEW IMAGE USING A 150 MICRON CROSS 



FIG. 7 
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OF TWO SIDE VIEWS OBTAINED FROM A CAMERA AT 
30 DEGREES FROM CENTER USING A 150 MICRON CROSS 



FIG. 8 
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lining the standard box filferihg technique, detect the pupil contours 
and limbus contours of the first I R image sets (3). 

Detect the four segments of the iris reflection of the cross, 
Record their contours and their intersection with the pupil contour. 
Additionally, detect the segments' intersection With the limbus of the eye. 

^^^^ 

Remove the iris reflection. From the defined contbuf, extend the 
region by a few pixels in all direction, and replace the interior with 
the mean of the surrounding four pixels. 

■■ ' * • ■ - : 

Front view processing - Edge detection column wise to detect the 
horizontal segment of the cross, thereby obtaining the thickness bf 
the horizontal arc image and the front and bade edge of the lens. 
This yields a profile for the lens, intersected by the illuminated 
pattern along the horizontal line. 

■ .^v H 

First Side view processing -Edge detection of the vertical segment 
of the cross by edge detection row-wise, obtaining the cornea 
thickness along the vertical illuminated line. Also obtained is the 
leading edge of the lens and trailing edge of the lens image along 
the vertical illuminated line. This yields the central lens thickness 
and eurvatuie of the lens along the line. From these curves, the 
diameter of the lens can also be estimated. 




STEPS IN CROSS PATTERN IMAGE PROCESSING 
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Other side view processing - The other side view processing may 
be used to verify the data obtained from the first side view image 

arid front view image, 
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Reconstruction of the thickness in three dimensional space in 
reference to the front view by simple geometry. 



Use pupil contour to connect to geometry when displayed. 



i 



From steps 502, 504 and 505 (or 506), calculate the angle between 
the cornea and the iris at the juncture. These directly measured 
angles are then converted to angles defined through normal 
geometry using pupil intersections and limbus intersections. 
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Calculate the maximum and mean values of the lens intersection 
images, thereby indicating the opacity of the lens. 
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STEPS IN GROSS PATTERN IMAGE PROCESSING 
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Front view pupil image and side view pupil images at different angle 



FIG. 10 
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EXEMPLARY USE OF A STEREOSCOPIC SYSTEM 
TO DETERMINE CORNEAL LAYER MEASUREMENT 



FIG. 13 
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FIG. 14 
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EXEMPLARY USE OF THE STEREOSCOPIC SYSTEM 
TO CAPTURE THE INTRAOCULAR LENS 



FIG. 15 
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Target aperture plane is tilted the same 
angle as the projection angle to 
compensate for the skew of the cross 
image oh the cornea, "the resulting 
cross image is on the normal focal plane 



Skewed focal plane 
for projection image 



TO IMPROVE CROSS-PATTERN 
PROJECTION FROM A SKEW ANGLE 



FIG. 16 
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Cornea layer imaging 
camera 




Front camera 
to capture GT 
jrnages 
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